A geoacoustic inversion technique for high-frequency (12 kHz) multibeam sonar data is presented as a means to classify the seafloor sediment in shallow water ( 4 M 0 0 m). The inversion makes use of backscattered data at a variety of grazing angles to estimate mean grain size. The need for sediment type and the large amounts of multibeam data being collected with the Naval Oceanographic Office's Simrad EM 121A systems, have fostered the development of algorithms to process the EM 121A acoustic backscatter into maps of sediment type. The APL-UW (Applied Physics Laboratory at the University of Washington) backscattering model is used with simulated annealing to invert for six geoacoustic parameters. For the inversion, three of the parameters are constrained according to empirical correlations with mean grain size. which is introduced as an unconstrained parameter. The four unconstrained (free) parameters are mean grain size, sediment volume interaction, and two seafloor roughness parameters. Acwstic sediment classification is performed in the Onslow Bay region off the coast of North Carolina using data from the l2kHz Simrad EM lZlA multibeam sonar system. Raw hydrophone data is beamformed into 122 beams with a 120-degree swath on the ocean floor, and backscattering strengths are calculated for each beam and for each ping. Ground truth consists of 68 grab samples in the immediate vicinity of the sonar survey, which have been analyzed for mean grain size. Mean grain size from the inversion shows 90% agreement with the ground truth and may be a useful tool for high-frequency acoustic sediment classification in shallow waler.
1. INTRODUCTION The U. S. Navy has great interest in seafloor characterization due to its importance in shallow-water operations, such as landing operations, mine burial, and safety of navigation. Determining a suitable route for communications cables, requires detailed knowledge of the seafloor and is another application for characterization of the ocean bottom.
Obtaining and analyzing physical core samples or grab samples providcs an accurate characterization of the seafloor, however, it is a time-consuming process and is not generally performed with sufficient coverage on an ocean survey. As an alternative, acoustic seafloor characterization allows adequate coverage in much less time and, since sonar data is often collected on surveys, no additional data collection is required. The acoustic data evaluated in this paper was collected in Onslow Bay with the 12 kHz Simrad EM 121A Multibeam Echo Sounder. A. Sediinenr 7jpes One of the niosl useful descriptors for bottom characterization is sediment type based on the mean grain diameter, which 
B. OnslowBay
Onslow Bay off the coast of North Carolina is a challenging region for high-frequency acoustic sediment classification because the bottom is dynamic (sediment drift) [2] , heterogeneous in areas [3], [4] with shells, etc., mixed with the sediment, and is often composed of a hard bottom [4], IS] covered with only a thin (few centimeters or less) layer of sediment. The sonar data set from this survey is raw hydrophone data along the three parallel shiptracks depicted in Fig. 1 that are more or less parallel to the coastline. Shiptrack 1 has 250 -300 m water depth and is farthest from shore near the continental-shelf break. The seafloor slopes up to 0.5' in a direction perpendicular to the ship's heading. Shiptracks 2 and 3 are in shallower water (40 -60 m) about 8Okm from shore, seafloor here on the shelf is relatively flat.
C. Hydrophone Data Processing
Each port and starboard arrays are comprised of 64 hydrophones. Each array is steered between -60 and 60 degrees (negative being in the pan direction) in one-degree increments. However, both port and starboard arrays are steered at 0 degrees so there are 122 steer directions (beams). At this point the data are still at baseband. To beamform, the data are shifted to the original center frequency (12 kHz). To avoid aliasing the basebanded data must be resampled at a higher rate than the original sampling rate of 2.5 kHz. The resample factor used is 16, so the resampling rate is 40 kHz. The interpolation is done via a Fast Fourier Transform (FFT).
The slow data are transformed to the frequency domain with a large FFT, shifted, then transformed back to the time domain.
After the shift to 12 kHz, the average roll, pitch, heave and yaw for the given ping are computed. These values are then used to adjust the absolute locations (in software) of the receiver staves in the array and will enable the beams to be steered to consistent beam angles relative to the seafloor.
Following the motion correction the data are beamformed by phase adjusting the frequency domain data according to the receiver locations and desired steering angles. Taking the inverse FFT ofthese data yields a sound pressure P time series for each steering angle. The travel time of the bottom retum is identified for each angle and an acoustic ray is traced out (here a constant sound speed profile is used because of a negligible sound speed gradient) to the corresponding bottom r e h " in order to obtain grazing angle.
The sound pressure for the jth time sample of the ith beam is denoted Pij. The data are converted to dB re OPa and, based on the known geometry, the sonar equation is solved for bottom backscatter.
2) Buckscutrering Strength:
Backscattering strength BS is defined as
where I , is the backscattered sound intensity from an area of 1 m2 and I;,, is the incident intensity at 1 in from the source [ 6 ] . The backscattering strength can be determined from the data by using the sonar equation
where RL is the reverberation level (from the beamformed time series), S L is the source level, T L is the transmission loss in dB, and I A is the insonified area in dB re m'. The insonified area is the area contributing to thc received intensity and is computed using the 3 dB beam footprint,
(4) or using the pulse length, C T R sin 9 ( cosR )'
whichever is smaller, where R is the slant range to the bottom, is the transmit beam width, 0, is the receive beam width, c is the water sound speed in d s , and 7 is the pulse duration in s. The insonified area for several pressure time samples PCj normally fall within the beam footprint; and the reverberation level for the ith beam RLi is averaged over these time samples.
P;
0 j 1 r j , + l '
where j o and j , are the first and last time samples whose in. sonified areas lie within the ith beam's footprint. where It is the reference height lcm. The Mourad-Jackson model is valid for all frequencies between 10 and I00 kHz and is used here to represent the acoustic backscatter from the Table I1 lists the six model input parameters, which, along with the sonar frequency f and sound speed c in water at the seafloor, determine both the roughness backscattering cross section u,(B) and volume backscattering cross section ~" ( 6 ' ) .
BACKSCATTER MODEL
The six input parameters are dimensionless except for 4 which has units of cm'. Combining these backscatter contributions from roughness (acoustic reflections from a randomly rough surface) and volume interaction (scattering ofpenetrating sound from sediment inhomogeneities) results in Seafloor.
DATA INVERSION
The inversion problem is finding the set of input parameters that best fits the given data set. That is, which set of parameters minimizes the difference hetween the BS vs. B curve and the measured backscatter data. The sum of the squares of the data deviations from the model prediction is used as the measure for goodness of fit.
A . Parameter Constraints
If the six input parameters are unconstrained, the parameter space to he searched is six-dimensional. However, since correlations exist among some of the parameters, many solution parameter sets represent solutions that are physically unlikely. Hamilton and Rachmann [9] , [IO] describe a relationship between the parameters p and U and relate both to the mean grain size (4) of the seafloor sediments. Mourad and Jackson [7] pa- Table 111 .
The parameter space to he searched is now 4-dimensional (4, p. y, a) , and, since the backscatter model is highly nonlinear, one must be careful not to simply find one of the many local solutions. Two of the most common global search methods are simulated annealing and genetic algorithms. Both are suitable for most nonlinear problems. Simulated annealing (SA) is the hest-fit search routine used here (e.g. see [12] ).
B. Simulated Annealing
With the SA approach one searches the parameter space by continuously stepping to a new point in parameter space and computing the sum of the squares E for the data point residuals. E is also known as the cost function. If the cost decreases from the previous location, the step is accepted. If, however, the cost increases, the step is only occasionally accepted. The probability p that a higher-cost step is accepted depends both on the amount of increased cost A E and on a variable referred to as temperature t according to the Boltzmann distribution, This process is known as the Metropolis algorithm [13] . Local minima are escaped because of the steps of increased cost. The temperature variable is gradually decreased until the probability of a higher-cost step is zero. The stepsize i s also reduced slowly as the algorithm settles into the global minimum. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . V. CONCLUSIONS The inversion results are in good agreement with the ground truth (both in sediment type, i.e, sand, and in grade of sand) for the slope region where the sediment layer is known to be relatively deep and homogeneous (near the continental shelf break). The seafloor in the shelf area, on the other hand, is known to have little or no sediment layer and shells, rocks, etc., at the bottom. The inversion from the shelf region also agrees in sediment type with most grab samples, however, there is often a discrepancy in grade of sand. Moreover, in a few cases the phi value from the inversion is the lower limit (-I, i.e., gravelicoarse sand). Because the sonar frequency is 12 kHz, the sound will penetrate any sediment layer less than about 13 cm (wavelength) deep and interact with the hard subbottom. The backscattering strength predicted by the APL-UW model in this case will be invalid.
-

Of the 129 inversions for the three shiptracks, 119 of them (92%) agree with the nearest grab sample in sediment type. Average values and standard deviations are listed in Table 1V along with the percent agreement of the inversion phi values with the nearest grab sample.
We believe the inversion method described here is promising for determining sediment type in areas of relatively homogeneous sediment and at least a few tens of centimeters deep. This process currently also provides an approximation for thin sediment layers or sediment with heterogeneous mixtures.
